yclone inertial separators are used extensively in agricultural processing to remove particulates from particulate-laden air streams. Typically, the designs used in agriculture are either the 1D3D or 2D2D. The first D in the designation indicates the length of the cyclone barrel relative to the cyclone diameter and the second D indicates the length of the cyclone cone relative to the cyclone diameter ( fig. 1 ). Much research has been performed to enhance the effectiveness of these devices in capturing particulate matter (PM) (TCGA, 1965; Baker and Stedronsky, 1967; Parnell, 1980; Parnell, 1990; Baker et al., 1996; Green et al., 2000) . To further reduce PM emissions, several studies have explored pre-separators to remove large material (particles >100 µm that are easily removed by simple changes in air stream direction or settling, but may interact with smaller particulate in cyclones and reduce efficiency) before the particulate-laden air enters the cyclone (Mihalski et al., 1993; Columbus, 1994; Baker et al., 1995; Wang et al., 2004; Buser et al., 2005) . Another method of reducing PM emissions is using cyclones in series with the first cyclone being the pre-separator. Gillum et al. (1982) tested both a 2D2D cyclone design and a 1D3D cyclone design as secondary collectors to a 2D2D cyclone. The collection efficiency for the primary cyclone averaged 99.6% and was not significantly different between treatments. The collection efficiencies were signifi- NM 88047; phone: 505-526-6381; fax: 505-525-1076; e-mail: dwhitelo@nmsu.edu. cantly different between the 2D2D (45.7%) and 1D3D (54.0%) secondary cyclones. This research showed that at a 15.2-m/s (3000-fpm) inlet velocity the pressure drop across the preliminary cyclone [896 Pa (3.6 in. w.g.)] was not significantly different between the treatments; however, the pressure drop across the two secondary cyclones was different [1010 Pa (4.06 in. w.g.) for the 2D2D and 1115 Pa (4.48 in. w.g.) for the 1D3D]. Gillum and Hughs (1983) showed that the combined collection efficiency of two cyclones in series, 2D2D primary and 2D2D or 1D3D C secondary, did not vary when the inlet velocity ranged from 11.8 to 18.3 m/s (2323 to 3602 fpm), but the total system pressure drop for the lower inlet velocity [1207 Pa (4.85 in. w.g.) ] was half that of the higher inlet velocity [2852 Pa (11.46 in. w.g.) ]. The primary cyclone collection efficiency was based on trash fed to the system and trash collected by the primary cyclone. The secondary cyclone collection efficiency was based on trash collected by the secondary cyclone and secondary cyclone emissions measured using Environmental Protection Agency Method 5 procedures (U.S. EPA, 2004) . Both tests mentioned above were run with gin trash consisting of all the trash collected in a seed-cotton system cyclone hopper, which often contains a high percentage of very large material (leaf, sticks, hulls, etc.) . This would account for the very high efficiencies measured for the primary cyclone.
In two studies, Columbus (1993) evaluated a 2D2D primary cyclone in series with a 1D3D secondary cyclone. The cyclones were arranged to capture PM emitted from a seed cotton separator. Modified high-volume samplers were used to isokinetically sample the particulate-laden air before and after the primary cyclone and after the secondary cyclone. Filter weights were used to calculate collection efficiency. Particle size distribution (PSD) analyses were performed on the PM captured on the filters. The mass median diameter of the PM entering the cyclones in both studies was about 10 µm and the inlet concentrations ranged from 39 to 154 mg/m 3 . Results showed that the overall collection efficiency of the 2D2D primary cyclone averaged 90.5% in the first study and 94.2% in the second study, and the collection efficiency of the 1D3D secondary cyclone averaged 69.0% in the first study and 38.5% in the second. The average PM 10 (particulate ≤ 10 µm) collection efficiency of the 2D2D primary cyclone ranged from 84.5% in the first study to 91.5% in the second study and that of the 1D3D secondary cyclone ranged from 70.6% to 28.8%. The author did not discuss reasons for the large variation in the efficiency of the secondary cyclones from one study to the next. Possible sources of the variation could have been the difference in velocity between the two studies or the source of PM could have varied from year to year.
The studies to date exploring series cyclones have used 2D2D designs for the primary cyclone and have not explored more than two in series. This study was prompted by ongoing research at a feed supplement processing facility that handles high concentrations of smaller PM. The objective of this study was to evaluate the performance of multiple (up to four) 1D3D cyclones arranged in series with high PM concentration airstreams.
MATERIALS AND METHODS
The test was set up as a randomized complete block design with five replications. Since the test was performed over a three day period, the test was blocked by replication to account for expected variability in ambient conditions. The four treatments: one, two, three, or four cyclones in series were randomly assigned within each block for a total of 20 runs. Statistical analyses were performed using SAS General Linear Models (SAS, 1999) .
The testing system ( fig. 2 ) included: volumetric feeder; one, two, three, or four (shown in fig. 1 Before each run, conveying air temperature, relative humidity, and barometric pressure were recorded. Airflow through the cyclones was measured with a hot-wire anemometer and adjusted by means of a fan butterfly valve to approximately 11.3 m 3 /min (400 cfm); resulting in 16.3-m/s (3200-fpm) cyclone inlet velocity. Static pressure was measured with a magnahelic gauge at the entrance and exit of each cyclone to determine the individual cyclone pressure drops and near the fan entrance to determine total system pressure drop. Eight, 20.3 × 25.4 cm (8 × 10 in.), pre-weighed glass-fiber filters were loaded into the filter bank. Approximately 14.5 kg (32 lb) of test particulate was weighed to the nearest 4.5 g (0.01 lb) and then placed in the volumetric feeder that rested on a digital balance.
The volumetric feeder was set to meter approximately 2.7 kg (6 lb) of test particulate per minute. This loading rate was high (about 240 g/m 3 ), but typical for the processing facility that prompted the study. The first two tests of the total 20 tests were run for about 2 min through the filter bypass and 2 min through the filters. Because of the high PM loading rate, the filters captured a large amount of material in a very short time. Although the airflow could be increased by adjusting the butterfly valve on the fans, maintaining constant airflow with loaded filters was difficult. It was determined that to maintain proper airflow, thus maintaining consistent cyclone efficiency, and to obtain a representative PM sample on the filters for PSD analyses, it was necessary to run through the filters for a shorter period of time. Thus, the remaining 18 tests were run for 3 1/2 min through the filter bypass and 30 s through the filters. After 4 min, pressure drops across each cyclone and the total system static pressure were measured with airflow directed across the filters to check that cyclone inlet velocities were maintained.
After each run, the PM captured by each cyclone was weighed to the nearest 4.5 g (0.01 lb). The mass of PM metered, indicated by the volumetric feeder balance, was recorded. PM remaining in the feeder was carefully removed and weighed, and this value was subtracted from the starting test PM weight and the result was used as a check for the volumetric feeder balance value. Samples of the PM fed into the system and captured by the cyclones were collected for PSD analyses using a Coulter Counter Multisizer III (Beckman Coulter, Fullerton, Calif.). The eight filters were removed from the filter bank and placed in anti-static envelopes for weighing (nearest 10 -6 g) and PSD analyses. PSD analyses followed procedures described by Buser (2004) . Table 1 summarizes the controlled variables and measured parameters. There were statistically significant differences in inlet velocity among the treatments, but these differences were very small [≤ 0.2 m/s (40 fpm)] and, in practical terms, unimportant. The PM loading averaged 236 g/m 3 and was not significantly different among treatments. Although the differences in inlet velocity among treatments were small, the static pressure drop across specific cyclones tended to decrease as the number of cyclones in series increased. The average pressure drop across the No. 1 cyclone was significantly higher for the single cyclone configuration [1356 Pa (5.4 (Parnell et al., 1994) , but that was not the case in this study. The average static pressure across all cyclones in series was significantly higher for two cyclones [1717 Pa (6.9 in. w.g.)] than for a single cyclone [1356 Pa (5.4 in. w.g.) ], but the difference was only about 27%. The static pressure across all cyclones in series was more than 1.5 times higher for the three and four series cyclone configurations than for the one and two cyclone configurations. There was no significant difference in the static pressure drop across individual cyclones or the static pressure across all cyclones in series between the initial measurements before each run and the final measurements after each run with airflow directed across the filters. This would indicate that the cyclone inlet air velocities did not change during the test runs. Throughout the test, ambient temperature averaged 34.7°C (94.4°F), barometric pressure averaged 896.6 kPa (265.5 in. Hg), and relative humidity averaged 32%. There were no significant differences in these ambient conditions among treatments.
RESULTS
Cyclone efficiency (table 2) , based on the weight of PM fed into the system and the weight of the PM captured by each cyclone, followed similar trends to those discussed above for cyclone pressure drop. The efficiency of the No. 1 cyclone was lowest for a single cyclone configuration (90.9%) and highest for the four series cyclone configuration (94.6%) with both being significantly different from the other configurations. A comparison of the data in tables 1 and 2 revealed that cyclone configurations with significantly lower pressure drop across the No. 1 cyclone had significantly higher No. 1 cyclone collection efficiencies. The No. 2 cyclone collection efficiency was significantly lower for the four series cyclone configuration than for the three cyclone configuration. The No. 2 cyclone efficiencies did not follow the same trend, based on pressure drops, as the No. 1 cyclone efficiencies. A likely cause of the No. 2 cyclone efficiency trends was that the higher No. 1 cyclone efficiencies resulted in less material loading on subsequent cyclones. In general, [a] Means in a column followed by the same letter are not significantly different (LSD, P = 0.05).
general, overall efficiency increased significantly as the number of cyclones in series increased, increasing from 90.9% for a single cyclone to 97.2% for two cyclones in series. However, there was no significant difference in the overall collection efficiency between the two and three series cyclone configurations or between the three and four series cyclone configurations. As expected, the individual collection efficiencies of sequential cyclones decreased from one cyclone to the next; starting near 94% for the first cyclone connected in series and decreasing to an average of about 56%, 22%, and 13% for the 2nd, 3rd, and 4th cyclones, respectively. Figures 3, 4 , and 5, and tables 3 and 4 show the PSD parameters and PSDs for the feed particulate, particulate captured by each cyclone, and particulate that passed through the cyclones and collected on the filters. The Coulter Counter Multisizer PSDs are based on particulate volume versus equivalent spherical diameter (ESD), the diameter of a sphere with equivalent volume to the particle of interest. ESD can be converted to aerodynamic diameter (AED), the diameter of a sphere with unit density that will settle in still air at the same rate as the particle of interest, by the following equation.
where d a is the AED, d e is the ESD, ρ p is the particle density, ρ 0 is unit density (1 g/cm 3 ), and Ë is the dynamic shape factor (ratio of the actual drag force to that of a sphere of the same size). The particle density of the particulate used for this study was 2.46 g/cm 3 . Dynamic shape factor is determined experimentally and typically ranges from 1, for spherical particles, to 2. There are currently no dynamic shape factor estimates for the particulate used. In this case, a dynamic shape factor of 1 is often assumed, which will give more conservative AED estimates. The data from this research are presented in terms of ESD, so that it may easily be converted to AED by assuming an appropriate dynamic shape factor. [a] Means in a column followed by the same letter are not significantly different (LSD, P = 0.05).
[b] ESD = equivalent spherical diameter. [c] Particles less than or equal to 10 µm ESD. [d] Particles less than or equal to 2.5 µm ESD. [a] Means in a column followed by the same letter are not significantly different (LSD, P = 0.05).
[b] ESD = equivalent spherical diameter. [c] Particles less than or equal to 10 µm ESD. [d] Particles less than or equal to 2.5 µm ESD.
PSD analyses of the PM fed from each run showed no significant differences among the treatments in mass median diameter (MMD), geometric standard deviation (GSD), percentage of PM 10 , and percentage of particles less than or equal to 2.5 µm (PM 2.5 ) ( fig. 3) . Results in table 2, showing that the No. 1 cyclone was significantly more efficient when in a series configuration than when alone, first prompted the conclusion that the PM captured in those different configurations must have been different to explain the difference in efficiency. But this was not the case. There were no significant differences in the MMD, GSD, PM 10 , and PM 2.5 of the PM captured by the No. 1 cyclone among treatments (fig. 4) . The same was true for the No. 2 cyclone. There were significant differences detected in those variables among treatments for the No. 3 cyclone (fig. 4 ), but the differences were small and not of practical importance.
The PM captured by the No. 1 cyclone was essentially not different from the feed particulate (table 3) having MMD = 8.8 µm, PM 10 = 59.3%, and PM 2.5 = 1.2%. For the second, third, and fourth cyclones in a series configuration, nearly all (>94%) of the material captured was less than 10 µm. Also, more than 50% of the material captured by the third and fourth cyclones was PM 2.5 . This may become important as more attention is focused on PM 2.5 . As particulate-laden air was processed through successive cyclones in series, the collected PM decreased in size. Figure 5a illustrates this shift in the PSDs. It is generally accepted that succeeding cyclones in a series configuration have lower efficiencies than preceding cyclones, because preceding cyclones remove most of the larger particles resulting in a lighter loading with smaller particles for the succeeding cyclones (Cooper and Alley, 1994) . The PSD results from table 3 and figure 5, along with the efficiency values from table 2, support this conclusion.
Similar to the trend observed for the PM captured by the cyclones, as the number of cyclones in series increased from one to four, the size of the PM that passed through the cyclones to the filters decreased significantly from 3.2 to 1.5 µm (table 4) . This shift is illustrated in figure 5b . Less than 0.1% of the PM that passed through two, three, or four cyclones in series was larger than 10 µm. A comparison of tables 3 and 4 revealed that the PM emitted by a single cyclone and captured on the filters, which would essentially be the feed PM for cyclone No. 2, was likewise similar to the PM captured by cyclone No. 2, but to a lesser extent than the similarity between the feed PM and the PM captured by cyclone No. 1. These similarities diminished as the number of cyclones in series increase and subsequently the size of particles decreased.
Since cyclone efficiency calculations were based on the amount of PM fed and the amount of material captured by the cyclone, the efficiency values are likely conservative or low as the weights of the collected PM did not account for material that adhered to the inside of the cyclones and pipes. More accurate cyclone efficiency values can be determined by basing efficiency calculations on the cyclone exit mass of PM determined from filters downstream from the cyclones. The high PM loading rate used in this study made direct measurement of total particulate emitted over the course of each test run impossible to measure.
CONCLUSIONS
Tests were performed to evaluate the performance of multiple 1D3D cyclones in series. At recommended airflow rates, the pressure drop across one cyclone in the single cyclone configuration was significantly higher than the pressure drop across the No. 1 cyclone in a series configuration. Because of this, the static pressure for two cyclones in series was only about 27% higher than that for one cyclone used in the single cyclone configuration.
The overall cyclone efficiency ranged from 91% to 98% for capturing PM characterized by a MMD of 8.7 µm and a GSD of 1.8. These results were likely conservative or low, because the efficiency calculations could not be based on the cyclone exit mass measurement, but instead were based on the amount of material captured by the cyclones. For the PM and high loading rate used, the overall efficiency of a single cyclone was not as high as the series configurations. This was not only due to the additional PM captured by succeeding cyclones in the series configurations, but also because the No. 1 cyclone in a series configuration was consistently more efficient than a single cyclone configuration. The difference in No. 1 cyclone efficiencies from series configurations opposed to the single cyclone configuration appeared to result from a higher pressure drop across the No. 1 cyclone in the single cyclone configuration than in the series configurations.
Results from the series configuration showed a significant shift in the PSD (from larger to smaller particle sizes) of the particulate captured by subsequent cyclones. This supports the idea that the first cyclone removes more (mass-wise) and larger sized material, with each succeeding cyclone removing less (mass-wise) and smaller sized material. Following the first cyclone, most of the PM captured was less than 10 mm.
There was also a significant shift in the PSD (from larger to smaller MMD) of the PM emitted by the cyclones as the number of cyclones in series increased. For the PM used in the study, less than 4% by volume of the PM emitted by a single or series of cyclones was larger than 10 µm.
The study shows that system collection efficiency for high PM concentrations can be substantially increased, with minimal static pressure loss, by replacing a single 1D3D cyclone with two 1D3D cyclones in series. However, the use of three or four 1D3D cyclones in series only slightly increased efficiency with a considerable increase in static pressure loss.
